Abstract: Diatom assemblages and water chemistry were studied in 13 shallow salt lakes in the southern part of the Bolivian Altiplano. At each locality bottom sediment and water samples were collected simultaneously. Relationships between the composition of the diatom assemblages and variations in water chemistry were collated in order to permit the estimation of ancient water chemistries based on changes in the make up of fossil diatom associations in older sediments. Weighted Averages treated by Partial Least Squares regression (WA and WA-PLS methods) allowed an estimation of optima and the relative tolerances of 61 species to variations in salinity and to the relative quantities of the 15 chemical elements studied, among them boron and lithium.
Introduction
It is now well-known that during the last 30,000 years the water level of the lacustrine basins of the Bolivian Aliplano varied markedly. Organisms such as ostracods, diatoms and plant remains preserved in the sediments suggest that modifications in the balance between precipitation and evaporation were associated with drastic changes in salinity. In Lake Titicaca, the highest salinities occurred during the early and mid-Holocene when the level of the lake was below the spillway. In the Uyuni-Coipasa closed basin, salinities remained high even when the levels of the lake were highest. The processes involved in arriving at such high levels of ionic concentration in ancient deep lakes and the associated climatic conditions are still not well identified. To resolve this problem, future research will require estimations as accurate as possible of salinities in ancient lakes and their variations throughout time. Diatoms are the best tool for attaining this objective because they are always present in the cored sediments. Moreover, existing environments offer a large range of salinities ranging between the very low levels in the lakes and wetlands of the glacial valleys and the very high concentrations of the shallow lakes in the arid areas of the southern Altiplano of Bolivia. The first work linking diatom assemblages with ionic composition in existing environments (SERVANT-VILDARY & ROUX, 1990) was carried out in the southwestern part of the Bolivian Altiplano (South-Lipez). It served as the basis for an estimate of statistical relationships used to reconstruct the paleosalinity during the last Glacial period of a paleolake in the same area (ROUX, SERVANT-VILDARY & SERVANT, 1991) . Recently, 11 samples collected near the northern border of the Salar de Uyun permitted the addition of 11 modern samples to the preexisting data set of this time frame (SYLVESTRE, SERVANT-VILDARY & ROUX, 2001) .
In this paper, we present a revision of the data from the Lipez area. Samples from the Salar de Uyuni were not used because measurements on boron and lithium concentrations are lacking. This revision is based on two regression methods: weighted averaging (WA) leave-one-out and weighted averages plus least squares (WA-PLS). Moreover, we present an extensive diatom iconography, not published previously.
A. The studied area
The western Lipez area is located in the southernmost part of the Bolivian Altiplano (21° -22° S, 67° -68° W), near the boundary with Chile at around 4,500 m elevation (Figures 1 and 7). The climate is cold and dry; the lowest temperatures are on the order of -30°C, precipitation is 50 mm annually and evaporation 1,000-1,500 mm annually. The daily range in temperature is as much as 20°C. In winter (June -August), the area is influenced by mid-latitude atmospheric currents from the west, winds are strong (60 km/h), snow falls occasionally.
In summer (December -February), precipitation is fed principally by water vapor from Amazonia.
Geological formations are predominantly volcanic:
Mio-Pliocene ignimbrites and Quaternary volcanoes; a few are still active. These volcanic formations occupy very extensive tracts in the western Cordillera and in the southern part of the Bolivian Andes along the Argentina frontier.
The Lipez intravolcanic basins are occupied by shallow endoreic lakes and evaporites . Calcareous crusts (Figure 14) and pisolites (Figure 15) are well developed at Pastos Grandes (RISACHER & EUGSTER, 1979; JONES & RENAUT, 1994) .
These basins are fed mainly by groundwaters, at least in part, as in the Altiplano of the northern Chile (GEYH, GROSJEAN et alii, 1999) , recharged during the Quaternary humid cycles, particularly in Late Glacial times. Seasonal and annual fluctuations in waterlevels are small.
The lacustrine terraces observed on the edges of the basins (13) (14) (15) (16) (17) (FERNANDEZ, 1980; SERVANT & FONTES, 1978) show three main highstands. They are correlated respectively with the three lacustrine phases in the Uyuni-Coipasa basin (SERVANT, FOURNIER et alii, 1995; SYLVESTRE, 1997; SYLVESTRE, SERVANT-VILDARY et alii, 1999) : Minchin (> 20,000 14 C yrs BP), Tauca (15, 000 14 C yrs BP) and Coipasa (~ 9,000 14 C yrs BP). Great changes in water-level and salinity have been inferred from diatom assemblages in the Ramaditas-Ballivián Basin (ROUX, SERVANT-VILDARY & SERVANT, 1991; SERVANT-VILDARY & MELLO E SOUZA, 1993) .
B. Water chemistry
The waters are characterized by a high ionic content. Essentially, they are sodium chlorides. Some are rich in boron and lithium (Table 1) (RISACHER, 1992a (RISACHER, , 1992b RISACHER & FRITZ, 1991a , 1991b , 1992 , 1995 . Figure 5A : WA method. Estimated optima and tolerances of 61 species to salinity (All with maximum abundance >3 and occurrence in three or more samples).
Methods of analysis
Figure 5B: WA method. Estimated optima and tolerances of 61 species to alkalinity (with maximum abundance > 3 and occurrence in three or more samples). Figure 5C : WA method. Estimated optima and tolerances of 61 species to alkalinity (with maximum abundance > 3 and occurrence in three or more samples). In Figure 5C , the very high values of alkalinity were removed in order to show more clearly the optima and tolerances of species with low alkalinity values.
C. The diatom flora
In thirteen of these lakes the existing diatom flora (SERVANT-VILDARY, 1984; SERVANT-VILDARY & ROUX, 1990 ) was studied at the water/sediment interface (Table 2, Figure 2 ). Throughout the summer of 1978 samples of both water and sediments were collected by F. RISACHER at the same sites and at the same time. At Pastos Grandes, samples were collected from the margins toward the center, in order to relate changes in diatom assemblages to increases in salinity ( Figure 3 ).
Diatom frustules are partially dissolved in the sediments collected (BADAUT, RISACHER et alii, 1979; BADAUT & RISACHER, 1983) . But a comparison between living diatoms in the water and those in the water/sediment interface showed that this diagenesis is slight (ILTIS, RISACHER & SERVANT-VILDARY, 1984) .
The diatom flora is diversified. The image data base is being prepared: 107 species are presented here. The list of images is in Table 3 . It includes the abundant species (used in the transfer function calculations) and some rare ones. In columns 5 to 7 species previously published are indicated (SERVANT-VILDARY, 1984; SERVANT-VILDARY & BLANCO, 1984; SERVANT-VILDARY & ROUX, 1990 ).
Species identifications were based on a considerable number of recent works, not possible to cite here. On the other hand we would like to direct attention to publications that, although less well-known, are fundamental to this study because they concern areas close to southern Bolivia (FRENGUELLI, 1934 (FRENGUELLI, , 1936 (FRENGUELLI, , 1942 BRAAK, JUGGINS et alii, 1993) , programmed by M. ROUX and introduced in « Biomeco » for this study. All the sites were used, environmental data were not transformed. The 61 species selected from the total of 104 are those present at least in 3 samples. The values R, R 2 and that of SEP from WA are listed in Table 4 .
The number of components selected for use in the WA-PLS method are deduced from « r » (correlation coefficient between observed and predicted value by the leave-one-out method). Values of R and R2 deduced from WA-PLS are listed in Table 4 . Optima and tolerances of the species in relation to the ionic composition of the waters (anions and cations), alkalinity, salinity and pH estimated by WA leave-one-out method are listed in Table 4 . Alkalinity and silica content are the parameters that can be most accurately estimated from the diatom flora (R = 0.94, R 2 = 0.88). Multiple correlation coefficients are up to 0.80 for sodium, sulfate, chlorine, salinity and pH. The accuracy of prediction for boron and lithium are relatively low, respectively 0.75 and 0.77. Figure 5A Table 1 : Location of the lakes and data regarding water chemistry. shows the ecological preferences of 61 species as regards salinity (g/l). Figures 5B and 5C show preferences of these species concerning alkalinity (meq/l) deduced from WA. Error bars represent the values the "tolerance" column of Table 4 ) above and below the optimum. Figures  6A and 6B show that the salinity and alkalinity of the 13 lakes can be estimated with reasonable accuracy from the diatom flora. Estimation of salinity is excellent except for PG43 and PG41 where measured salinity has mean values (28 and 13 g/l). Alkalinity is well estimated in all samples (except for Canapa and Laguna Colorada).
Appendices
We cite here examples of the ecology of some species as deduced from these analyses:
• Optimum salinity for Nitzschia liebetruthii (NILI) est 28.4 ± 12 g/l. This species is very abundant at Ramaditas where the measured salinity is 27 g/l and the estimated salinity 30.8 g/l. This species seems to be a good indicator of average salinity in the range of salinities considered here.
•
The optimum of Navicula salinicola (NASA) to lithium is 0.6 ± 0.5 g/l. This species is very abundant in Pastos Grandes 47 (measured lithium concentration 1.64 g/l) and estimated lithium concentration from the diatom flora is 0.5 g/l. This species is a good indicator of high concentrations of lithium.
• Concerning sulfates, Surirella wetzeli (SUWE) of which the optimum is 13.6 ± 11 g/l, is very abundant in Chulluncani 4 where measured sulfate concentration is 26.6 g/l and the estimated value is 11.5 g/l. This species is a good indicator of a high concentration of sulfates. We might cite Mastoglia atacamae (MATA) as an indicator of very low concentration.
• As an indicator for high alkalinity we cite Stauroneis wislouchii (STAW), its optimum is 190 ± 167 meq/l. It is abundant in Cachi Laguna 20, where measured alkalinity is 355 meq/l and the estimated value 211 meq/l. An indicator for low alkalinity could be Amphora atacamana minor (AMPM), for its optimum is 8.7 ± 5.7 meq/l and the measured alkalinity in the sample Pastos Grandes 78, where it is abundant, is 9.4 meq/l and the inferred alkalinity is 8.6 meq/l.
As regards silicon, we can cite Fragilaria zeilleri (FZ). Its optimum is 0.020 ± 0.008 g/l, the measured value of silicon concentration being 0.015 g/l in Pastos Grandes sample 82 where this species is abundant and the inferred value is 0.02 g/l. Stauroneis sp. (SSP) on the contrary is a good indicator for a high concentration of silicon, for its optimum is 1.57 ± 0.02 g/l, and the measured value of silicon in Cachi Laguna 20 is 1.6 g/l and the inferred value Longitude Longitude NaCO3 (Cl) NaCl (SO4) NaCl (SO4) NaCl NaCl NaCl NaCl NaCl NaCl NaCl NaCl Na (Ca) CO3 (Cl) NaCl NaCl Na (Ca) Cl (CO3 Fragilaria brevistriata
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